Cold samples of calcium atoms are prepared in the metastable 3 P1 state inside an optical cavity resonant with the narrow band (375 Hz) 1 S0 → 3 P1 intercombination line at 657 nm. We observe superradiant emission through hyperbolic secant shaped pulses released into the cavity with an intensity proportional to the square of the particle number, a duration much shorter than the natural lifetime of the 3 P1 state, and a delay time fluctuating from shot to shot in excellent agreement with theoretical predictions. Our incoherent pumping scheme to produce inversion on the 1 S0 → 3 P1 transition should be extendable to allow for continuous wave laser operation.
Cold samples of calcium atoms are prepared in the metastable 3 P1 state inside an optical cavity resonant with the narrow band (375 Hz) 1 S0 → 3 P1 intercombination line at 657 nm. We observe superradiant emission through hyperbolic secant shaped pulses released into the cavity with an intensity proportional to the square of the particle number, a duration much shorter than the natural lifetime of the 3 P1 state, and a delay time fluctuating from shot to shot in excellent agreement with theoretical predictions. Our incoherent pumping scheme to produce inversion on the 1 S0 → 3 P1 transition should be extendable to allow for continuous wave laser operation.
PACS numbers: 42.50.Nn, 06.30.Ft, 37.10.Jk, 37.30.+i Conventional laser typically operate in the so called good cavity limit, where the resonance bandwidth of the feedback cavity is by far more narrow than the spectral width of the gain profile. The emission frequency in this regime is directly proportional to the mechanical length of the feedback cavity. While this constitutes an obvious advantage for frequency tunability, the stability of the emission frequency is fundamentally limited by mechanical length fluctuations. A great effort has been devoted over the years to build ever more stable reference cavities by exploiting ultra-low expansion materials as spacers between the cavity mirrors together with advanced active stabilization techniques in order to decouple the cavity from thermal and acoustic fluctuations [1, 2] . This strategy, however, is recently approaching fundamental limitations by inevitable thermal Brownian motion of the cavity materials. Cryogenic temperatures could improve the situation, however, at the cost of significant other technical complications [3] .
An alternative approach to build ultra-stable monochromatic light sources, as, for example, desired to interrogate optical atomic clocks [4] , relies on the use of an ultra-narrow bandwidth gain material, as provided by two-electron atoms like calcium or strontium, in combination with a comparatively large cavity bandwidth. In this so called "bad cavity" regime, the average intra-cavity photon number can be kept small and even well below unity such that the intra-cavity field cannot provide the flywheel to establish coherence, as in the good cavity regime. Here, it is rather the long-lived atomic polarization providing the phase memory necessary to establish coherence by superradiant emission, with the result of a sensitivity to technical noise sources reduced by many orders of magnitude. Bad cavity lasers, also referred to as superradiant lasers, are a subject of ongoing theoretical [5] [6] [7] [8] and experimental * e-mail: hemmerich@physnet.uni-hamburg.de [9, 10] research. In the recent past, superradiant lasing has undergone a renaissance in connection with the use of ultranarrow band intercombination lines of alkalineearth atoms [8, [11] [12] [13] [14] , which could provide extremely low emission bandwidths in the sub-millihertz regime.
Superradiant emission of an inverted system in free space has been studied since the fifties [15] [16] [17] [18] [19] [20] [21] [22] followed by first observations in the optical domain in the seventies [23] [24] [25] . On a macroscopic level, a completely inverted system represents an unstable equilibrium. Its decay is triggered by microscopic quantum fluctuations, which translate into macroscopic shot to shot delay time fluctuations of classical superradiant light pulses [22, 26] . In this article we report on superradiant lasing of samples of laser-cooled calcium atoms on the Γ/2π = 375 Hz narrow 1 S 0 → 3 P 1 intercombination line at 657 nm [27] . Hyperbolic secant shaped pulses are observed with a temporal delay that fluctuates from shot to shot, thus reflecting the initial quantum stage of the pulse evolution. The remarkable stochastic nature of superradiance is studied quantitatively by recording the pulse delay time statistics for different numbers of participating emitters. We find excellent agreement with theoretical predictions based upon a semiclassical analytic description of the pulse dynamics triggered by an initial quantum regime. Our analytical model does not require the adjustment of fitting parameters. In contrast to a recent first experimental realization of superradiant lasing with strontium atoms [13, 14] , we use an incoherent pump process to provide inversion, which should allow an extension to continuous wave operation.
The preparation of inversion on the 1 S 0 → 3 P 1 transition at 657 nm proceeds in two steps illustrated in Fig. 1 [28] [29] [30] [31] . As sketched in Fig. 1(a) , the cold cloud of atoms produced in the 3 P 2 -MOT is superimposed upon a longitudinal mode of a linear cavity with a finesse F = 2200, The two steps for preparation of inversion are sketched in (a) and (b). An intracavity lattice at 800.8 nm is formed with linear polarization along the x-axis. P1 and P2 denote pumping lasers with linear polarizations along the y-axis operating at 429 nm and 432 nm, respectively. See text for explanations.
a free spectral range of 2.5 GHz, a transmission resonance bandwidth κ/π = 2260 kHz, and a mode radius w 0 = 190 µm (for light at a wavelength of 657 nm). The cavity exhibits a Purcell factor η ≡ 24F πk 2 w 2 0 = 0.0051 with k = 2π/657 nm [32] . A laser beam at 800.8 nm, i.e., the magic wavelength [33] for the 1 S 0 → 3 P 1 , m = 0 transition for σ ± polarized light, is coupled to the cavity to create an intra-cavity optical lattice potential. A laser (P1) at 429 nm, adjusted well within the cavity mode, pumps atoms within a small tube around the lattice axis into the 3 P 0 state, where they are trapped in the lattice potential. The intensity of this beam is sufficiently low that only atoms passing the pumping volume at low velocities are pumped [34] [35] [36] . Thus, about several 10 5 atoms in the 3 P 0 state are typically trapped in the lattice potential with a temperature of about 100 µK. In a second phase of the preparation protocol, sketched in Fig. 1 (b), the 3 P 2 -MOT is switched off, a homogeneous magnetic field of a few Gauss is adjusted along the y-axis and an additional laser at 432 nm (P2), also adjusted along the cavity axis and far more intense than P1, is activated during 50 µs, in order to rapidly pump all 3 P 0 atoms into the 3 P 1 state. The lattice potential provides the same light-shift for the 3 P 1 , m = 0 and 1 S 0 states [37] and operates well within the Lamb-Dicke regime, such that the Doppler effect is suppressed along the zdirection to first order. Hence, if the cavity is tuned into resonance, superradiant emission of a large fraction of the atoms can arise. All three Zeeman components m = −1, 0, 1 of the 3 P 1 state are populated with atoms, however, the applied homogeneous magnetic field shifts the magnetic m = ±1 atoms several MHz out of resonance with the cavity. Precisely controlled tuning of the laser cavity resonance with respect to the 1 S 0 → 3 P 1 transition frequency is achieved by actively stabilizing the cavity to a diode laser beam at 780.2 nm locked to a resonance of rubidium atoms and sent through a electrooptic fiber modulator (EOFM) tunable between 400 and 1000 MHz. Adjusting the EOFM driving frequency, the cavity resonance is adjusted to match the atomic resonance with the help of an ultrastable laser operating at a wavelength of 657 nm with a bandwidth of several Hz. This laser is stabilized to a reference resonator with a finesse of 10 5 and mirrors optically contacted to a 10 cm ultralow expansion glas spacer, which is temperature stabilized to better than a millikelvin and hence exhibits a frequency drift with respect to the stabilized superradiant laser cavity undetectable on the scale of the width of its transmission resonances [38] . The lattice frequency is actively stabilized to a suitable longitudinal mode of the laser cavity such that it is adjusted to match with the magic wavelength to better than 1.25 GHz.
After preparing an inverted sample of several 10 4 atoms in the metastable 3 P 1 , m = 0 state, we observe a superradiant pulsed emission (linearly polarized along the y-axis), which brings all atoms into the 1 S 0 ground state in a time much shorter than the natural life time of the 3 P 1 state. The inset in the upper right corner of Fig. 2 compares the natural non-cooperative exponential decay with an observed life time of 420 µs (black dots approximated by red solid line) with the case when a short (≈ 10 µs ) superradiant pulse is emitted (blue graph). In both cases a sample of metastable calcium atoms in the 3 P 1 state is prepared with the cavity tuned into resonance with the 1 S 0 → 3 P 1 transition only in the latter case. The non-cooperative emission into free space is observed in the xy-plane at an angle of 22.5
• with respect to the y-axis. The main panel of Fig. 2 zooms in to present the first 150 µs showing superradiant light pulses with five different peak photon numbers and peak times. Each trace represents a single-shot implementation. The observed pulses can be well fitted with hyperbolic secants derived from a semi-classical analytical model outlined below and in more detail in Ref. [39] . Two parameters are determined from these fits: the number of collectively emitting atoms N and the time t p when the pulse attains its maximum. For the shown pulses, N = 12800, 19700, 26500, 34000, 42300 from right to left. Besides N and t p the hyperbolic secant fit model comprises the Purcell factor of the cavity η, the natural linewidth Γ of the used transition and the bunching parameter B. The latter accounts for a reduction of the atom-cavity coupling strength resulting from the fact that the period of the atomic grating held by the magic lattice (800.8 nm) and that of the intra-cavity standing wave at the emission wavelength (657.5 nm) are not commensurate. For a homogeneous atomic distribution the value of B should be 1/2, while our experimental data are best described by B ≈ 0.65. Taking into account the losses between the cavity and the photon counter and the detector efficiency, the specified counting rate is calibrated to indicate the total rate of photons leaving the cavity through both mirrors. A counting rate of 10 9 s −1 corresponds to an intra-cavity photon number n ≈ 230. The pulse delay time t d ≡ t p − t 0 refers to the difference between the pulse peak time t p and the time t 0 , when inversion is prepared by the pump pulse. In order to determine t d and its dependence on the atom number N , we recorded several thousand pulses and plotted the averages over the observed pulse peak timest p versus N using a binning N ± 2500 for the particle number, such that each data point in the blue trace in Fig. 3(a) represents several hundred pulses with nearly equal particle number. The error bars depict the standard deviations ∆t p , which, similarly ast p itself, are observed to decrease for increasing N . In the red trace of (a), we subtract the analytical modelt d = (N ηBΓ) −1 log(N ), discussed below and in Ref. [39] . For the choice B = 0.65, we remain with a practically constant temporal offset of 24 µs (red dashed line), which represents the constant time duration t 0 required for the preparation of inversion by the pump pulse. The blue dotted line graph showst d + t 0 . Apart from the choice of B, this procedure does not involve any parameter adjustement, thus confirming the validity of the theoretical description.
The pulse delay times for pulses within the same particle number class fluctuate from shot to shot within a range given by ∆t d = ∆t p . For two different values of N (N 1 = 3×10 4 and N 2 = 1.5×10 4 ) we have determined the pulse delay time probability distribution as follows: The time axis is partitioned into time windows of 5 µs width and the number of pulses with particle numbers in the interval N i ≡ [N i − δN, N i + δN ] with δN = 5 × 10 3 falling into each time window is counted. The histograms (normalized to unity) thus obtained for the two choices N = N i , i ∈ {1, 2} are plotted in Fig. 3(b) . Our theoretical model predicts a delay time distribution
The solid line graphs in Fig. 3(b) show P d (t d ) N ∈Ni where the bracket denotes averaging over all values of N within the interval N i . A remarkable agreement between the observations and our analytical model is found, which does not rely on the adjustment of fit parameters. Finally, in Fig. 3(c) , the observed standard deviations of the pulse delay fluctuations as given by the error bars in (a) are plotted versus the atom number N (green disks) and compared to the theoretical standard deviations calculated from the pulse delay distributions (dashed green line graph). Again, no parameter adjustment is applied.
We now briefly summarize the main aspects of the theoretical model used to determine the delay time probability distribution P d (t d ) and the mean delay timet d . This model treats the superradiant pulse dynamics semiclassically, using a classical description of the intra-cavity field, with the only quantum mechanical aspect consisting in the assumption that the classical pulse dynamics is initially triggered by a first photon spontaneously emitted by a sample of N excited atoms according to a binomial distribution. Our starting point is a modified semiclassical laser equation for N two-level atoms all occupying the excited state at time t = 0 (as for example in Eq.(8.8) on page 230 of Ref. [40] ). We account for the fact that for a sample of N atoms at positions z a along the axis of the lasing cavity mode, which is associated with an intensity distribution cos 2 (kz a ), the effective coupling strength is reduced by the bunching parameter B ≡ 1 N a cos 2 (kz a ). For 0 < t Γ −1 , a solution for the intra-cavity photon number is given by the pulse n(t)
with sech(z) denoting the hyperbolic secant. Setting t = 0 and n 0 ≡ n(0) leads to n 0 ≈ ηBΓ 2κ N 2 e −N ηBΓt d and hence dn 0 = −N ηBΓn 0 dt d . The delay time t d is determined by the initial photon number at t = 0, which can be evaluated as follows. The mean rate of spontaneous photons released into the cavity at times much shorter than (N ηΓ) −1 is R = N ηBΓ, which is compensated by the photon loss rate 2κ to yield the steady state photon numbern 0 = R 2κ . The rate R corresponds to an average time between successive photons ∆t ph = (N ηBΓ) −1 , which is on the order of 10 µs. Assuming thatn 0 equals the initial photon number n 0 at t = 0, we may eval- and hence much smaller than unity. For this case the probability for N atoms to spontaneously emit n 0 photons into the cavity, generally given by a binomial distribution, can be well approximated by an exponential.
Hence, the probability of initially finding n 0 photons in the cavity is given by the normalized distribution P i (n 0 ) = 1 n0 exp(n 0 /n 0 ), which reproduces the previously determined steady state photon numbern 0 . With the expressions of t d and dt d dn0 as functions of n 0 , discussed above, one finds
is the delay time distribution used in Fig. 3(b) . It is worthwhile to note that the expressions obtained for P d (t d ) and t d are in accordance with reduced expressions, merely depending on N and Γ, reported in Ref. [22] to model superradiance for a homogeneous atomic sample in free space with no cavity present.
In summary, this article reports the realization of superradiant lasing using a narrow band clock transition of calcium atoms. We have observed superradiant pulses with shot to shot fluctuations of their temporal delay and studied the associated statistics. Our observations are in excellent agreement with theoretical predictions based upon a semiclassical analytic description of the pulse dynamics triggered by an initial quantum regime [39] . In contrast to a recent previous experimental realization with strontium atoms, an incoherent pump process is used to provide inversion, which should allow an extension to continuous wave operation. Two different strategies into this direction could be followed. One option could be to use 657 nm radiation to re-excite ground state atoms to 3P 1 , m = ±1 and subsequently optically pump them with the help of 430 nm radiation to 3P 1 , m = 0. A second option is to enable the loading of the magic lattice with 3P 2 -atoms directly from the 3 P 2 -MOT. At present, this is not possible, because the magic lattice wavelength leads to a large negative light shift of the upper MOT level 3 D 3 , such that the MOT frequency is tuned to the blue side of the atomic resonance and hence lattice loading is impeded. This could be counteracted by an additional laser that selectively provides a compensating positive light shift to the 3 D 3 state. Similar results as obtained in the present work should also be possible for the 1 S 0 → 3 P 0 transition. This transition can be endowed with an finite linewidth in the subhertz range adjusted by adding a small admixture of the 3P 1 state to 3P 0 by means of a homogeneous magnetic field of a few Gauss [41] . This could give rise to a superradiant laser with an adjustable extremely narrow bandwidth. Note that in this case the extension to continuous operation is straight forward, since the 3 P 0 state can be continuously loaded from the 3 P 2 -MOT, as already shown in this work.
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